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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The current research is presenting three different prediction methods (one analytical and two numerical) implemented to 
characterize the mechanical behavior of carbon-fiber braided structures. At the end of the paper a comparison between the obtained 
predictions and the experimentally determined values is being presented. This paper is structured in two parts, the first one 
presenting the experimental testing of the braided tubular structures as well as flat braided coupons, while the second part is focused 
on describing the analytical and numerical methods employed. 
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1. Introduction 
A design tool able to provide fast and reliable prediction of the mechanical properties of braided composite 
materials depending on the manufacturing processes employed was the aim of the current research. Within the 
presented content, three different methods of reaching this goal are presented and their predictions are compared with 
the experimental results. The first described method is purely analytical and relies on computing the stiffness of a 
representative unit cell (RUC) of the braided material. This method receives as input parameters the geometry and the 
mechanical properties of the yarn as well as the architecture of the braid used. The RUC elastic constants are 
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determined from the base material properties by using the rule of mixtures Reuss (1929), Voigt (1889) having the 
value of the transversal modulus corrected according to the model proposed by Puck (1967) and the transversal shear 
modulus corrected according to Förster (1971). 
The second described method relies on the use of the commercial micromechanical analysis code Digimat, 
developed by eX-Stream engineering, coupled with the finite element solver Abaqus. This method has as inputs the 
mechanical properties of the yarn and of the matrix material as well as the braid architecture. By applying the double 
inclusion homogenization algorithm, the homogenized material properties are computed and then mapped on the finite 
element mesh, providing the finite element solver the required homogenized stiffness matrix. 
The third described method focuses on modelling the component at yarn detail level and takes into account the 
discrete yarn to yarn interactions through means of cohesive contact pairs. The interlaminar interactions are being 
modeled as cohesive surfaces as well.  
The material properties required as input parameters for the described methods were obtained experimentally and 
the conclusion section provides a comparison between the experimental and the predicted results.  
 
Nomenclature 
E11 longitudinal elasticity modulus of the unidirectional composite 
E22  transversal elasticity modulus of the unidirectional composite 
Ef elasticity modulus of the fibers 
Em elasticity modulus of the matrix 
G12 longitudinal shear modulus of the unidirectional composite 
G23 transversal shear modulus of the unidirectional composite 
Gm matrix material shear modulus 
ν12 longitudinal Poisson’s ratio of the unidirectional composite 
ν23 transversal Poisson’s ratio of the unidirectional composite 
φ fiber volume ratio of the composite 
2. Experimental analysis 
In order to fully describe the mechanical properties of the braided composite material, mechanical tests on the 
matrix material, on unidirectional carbon fiber coupons, and on full size tubular braided specimens had to be 
performed. This section is presenting the experimentally obtained results. 
2.1. Axial testing of the matrix material 
The matrix material (epoxy-resin manufactured by Hexion) behavior was investigated both in tension and 
compression, the tests being carried out according to the standards ISO 527-4 and ISO 604 at room temperature, with 
constant displacement of the traverse. An extensometer was used for the longitudinal strain measurement and strain 
gages were used for transversal strain measurement. Seven samples were tested for each testing condition and the 
experimental results are presented in Table 1. 
Table 1. Mechanical properties of the matrix material. 
Material Epoxy Resin 
Elasticity modulus, Tension (GPa) 2.45 (+/- 2.5%)  
Elasticity modulus, Compression (GPa) 2.35 (+/- 12%) 
Poisson’s ratio (-) 0.32 (+/- 6.3%) 
Maximum stress, Tension (MPa) 72.5 (+/- 0.3%) 
Plateau stress, Compression (MPa) 100 (+/- 2.2%) 
Maximum stress, Compression (MPa) 110 (+/- 9.5%) 
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2.2. Axial testing of the unidirectional composite 
The mechanical properties of the yarn material were determined from testing unidirectional plates manufactured 
from the same fibers. First a burnt residue analysis was conducted in order to assess the fiber volume ratio (FVR) of 
the manufactured plates. Further on samples were cut from the plates having orientations of 0°, 10°, 30° and 90° with 
respect to the fiber direction. Tensile tests were performed according to DIN ISO 527-5 at room temperature on 5 
specimens for each testing condition. The obtained experimental results obtained for an average FVR of 31% are 
presented in Table 2. 
Table 2. Mechanical properties of the composite material. 
Fiber orientation (°) 0° 10° 30° 90° 
Elasticity modulus (GPa) 74 (+/- 4.9 %) 41 (+/- 6.4 %) 10 (+/- 5.8 %) 3.4 (+/- 2.0 %) 
Poison’s ratio (-) 0.28 (+/- 7.1 %) - - - 
Maximum stress (MPa) 1050 (+/- 8.6 %) 110 (+/- 8.3 %) 30 (+/- 9.0 %) 7 (+/- 10 %) 
Following the experimental testing of the unidirectional composite, a Hashin 2D failure criterion was fitted for the 
tension – shear region of the failure envelope surface. The experimental results measured at 0° and 90° fiber orientation 
served as fitting points while the results measured at 10° and 30° serve as accuracy evaluation points. The Hashin 2D 
model parameters and the comparison between the predicted failure stress and the experimentally measured one are 
presented in Table 3 and Table 4. 
Table 3. Hashin 2D failure parameters. 
X11T (MPa) X22T (MPa) X12 (MPa) 
1050 7.5 23 
Where X11T represents the maximum longitudinal tensile stress, X22T represents the maximum transversal tensile 
stress, and X12 represents the maximum longitudinal shear stress. 
 Table 4. Comparison between Hashin 2D failure prediction and experimental results. 
Fiber orientation 
(°) 
Failure stress (experimental, Nominal) 
(MPa) 
Failure stress (Hashin 2D, Nominal)  
(MPa) 
Error 
(-) 
0° 1050 (+/- 8.6 %) 1050 0 % 
10° 110 (+/- 8.3 %) 118 7.2 % 
30° 30 (+/- 9.0%) 26 -13 % 
90° 7 (+/- 10%) 7.5 7.1 % 
Further processing of the experimental results using the Mori-Tanaka homogenization procedure implemented in 
the Digimat software suite developed by eX-Stream engineering leads to the evaluation of laminate elastic properties 
presented in Table 4. These elastic properties along with the fitted Hashin 2D failure criterion represent the input data 
for the future simulations. 
Table 5. Mori-Tanaka homogenization – predicted elastic properties. 
FVR (-) E11  
(GPa) 
E22 = E33 
(GPa) 
υ12 = υ13 
(-) 
υ23  
(-) 
G12 = G13 
(GPa) 
G23  
(GPa) 
31% 74.2 6 0.27 0.45 2.3 2.1 
2.3. Torsional testing of the carbon fiber braided tubes 
The torsion testing was performed in both restricted and unrestricted axial displacement configuration and the 
results serve for the validation of the simulation results. The tests were performed using an Instron 8850 (250 kN / 2.4 
kNm) testing machine on samples consisting of a braided carbon fiber tube with the length of 300 mm. The samples 
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have an inner diameter of 70 mm and an active length of 150 mm. At the ends of the sample, glass fiber tabs were 
laminated having the thickness of 5 mm and a ply drop-out angle of 6.5°.  
In terms of wall thickness, two types of specimens were tested: a thin walled specimen having only one braided 
layer, of thickness 0.35 mm; and a thick walled specimen having three braided layers and the total thickness of 
0.95mm. The specimens showed different failure mechanisms depending on the wall thickness. 
The initial failure of the thin walled specimens is caused by excessive warping leading to local instability of the 
specimen. Upon reaching critical load the structure buckles and shows no post-critical hardening effects. Secondary 
to the instability growth the matrix material fails leading to cracks and final failure. 
The failure of the thick walled specimens (3 layers of braided carbon fiber), is caused by the failure of the matrix 
material and of the carbon fiber yarns leading to macroscopic cracks going through the thickness of the tested sample. 
The tested samples show a slight post-critical hardening in the region between the critical torque and the maximum 
torque. 
 
Fig. 1. (a) Torsion results for 1 Layer braided tubes; (b) Torsion results for 3 Layer braided tubes. 
3. Analytical and numerical methods used to predict braided composite behavior 
3.1. Analytical prediction of the braided composite’s stiffness 
A script written in Mathematica was developed in order to determine the stiffness properties of a braided composite 
material using the Stiffness Averaging Method (SAM) which considers the behavior of an RUC. This RUC consists 
of two or three superposed yarn configurations depending on the braiding architecture modeled (biaxial or triaxial). 
The script takes as parameters the braiding angle, yarn cross-section geometry, yarn-path undulation, fiber volume 
ratio of the layer and layer topology (biaxial or triaxial braid). 
The unit cell of a triaxial braided layer is being divided into three different unidirectional yarn configurations, each 
having its own orientation with respect to the braiding direction and its own undulation path. The longitudinal modulus 
and the transversal Poisson’s ratio are determined according to the rules of mixture (eqs. 1, 3, 7), Reuss (1929), Voigt 
(1889); the transversal elasticity modulus, in-plane Poisson’s ratio and shear moduli are expressed using the semi-
empirical method proposed by Puck (eqs. 2, 4, 5, 6), Puck (1967). 
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Based on the presented equations the transversal-isotropic stiffness matrix can be assembled. In order to output the 
global oriented stiffness matrix two more transformations in the local coordinate system are required. First 
transformation takes into account the local undulation of the yarn within the representative unit cell outputting the 
local oriented stiffness matrix of the undulated yarns, C1. The second transformation rotates the C1 matrix with the 
value of the braiding angle, α, and the resulting Cα matrix is aligned in the global coordinate system. 
Finally, the representative unit cell stiffness matrix, CRUC, oriented in global coordinates is being assembled using 
equation 8: 
0CCCCRUC        (8) 
3.2. Coupled Abaqus Digimat approach 
The Digimat suite offered by eX-Stream Engineering provides a tool for coupling their homogenization 
predications with finite element solvers. In the coupled mode, the stiffness matrix of each element is being managed 
by Digimat and the solving of the system is being managed by the finite element code.  
Usage of coupled homogenization solutions provides a significant advantage in terms of simulation detail level as 
Digimat is able to handle failure initiation criteria as well as damage evolution behavior. When performing a severely 
non-linear simulation (large rotations in the model) the inability of taking into consideration the local fiber movement 
with respect to each other during loading, and the influence of this phenomenon on the stiffness of the component, 
raise uncertainties over the accuracy of the solution. However within our domain of interest we are far away from the 
influence of such an effect.  
Additionally it was noticed that Digimat’s braiding homogenization tool is using the Double-Inclusion 
homogenization approach to predict the yarn (laminate) stiffness, which gives higher stiffness predictions, especially 
for in-plane modulus and transverse shear modulus, compared to the predictions obtained when using the Mori-Tanaka 
approach. 
For the current analysis only the stiffness prediction of the tube behavior was requested. 
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with respect to each other during loading, and the influence of this phenomenon on the stiffness of the component, 
raise uncertainties over the accuracy of the solution. However within our domain of interest we are far away from the 
influence of such an effect.  
Additionally it was noticed that Digimat’s braiding homogenization tool is using the Double-Inclusion 
homogenization approach to predict the yarn (laminate) stiffness, which gives higher stiffness predictions, especially 
for in-plane modulus and transverse shear modulus, compared to the predictions obtained when using the Mori-Tanaka 
approach. 
For the current analysis only the stiffness prediction of the tube behavior was requested. 
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3.3. Direct finite element method approach 
This method focuses on modelling the full component at yarn detail level in order to take into account the discrete 
interaction between each yarn, for each layer of the braided structure. In order to achieve this degree of refinement a 
model that describes each undulated yarn path as well as the yarn-to-yarn contact/cohesive behavior needs to be 
generated. 
The yarn cross-section shape is linked to the yarn undulation shape function which is being modeled by using a 
superposition between a step function and a generator function. Depending on the position, the generator function can 
be: cos(β) [0, π], a constant function at half of the yarn thickness, or a cos(β) [π, 2π]. The modeled yarn undulation 
paths have different function parameters for each braid architecture (biaxial or triaxial) and weave pattern (plain or 
twill). For the biaxial braid the yarn path function will produce the following results (Fig. 2): 
 
Fig. 2. (a) biaxial plain undulation shape; (b) biaxial twill undulation shape. 
A journaling script for Siemens NX was developed in Visual Basic which generates the yarns of a braided structure 
as solid bodies, taking the following parameters: the number of layers to be modeled, the shape of the central axis of 
the cylindrical body (the central axis is defined as a 3D spline), the number of yarns, the braid architecture, and the 
yarn cross-section geometry. Further on, mid-plane shell bodies are being extracted from the solid geometry and the 
local thickness is being mapped on the shell mesh. 
Within Abaqus the following interactions are being modeled: the layer-to-layer interaction (interlaminar behavior) 
is being modeled by means of a first cohesive contact behavior set; the yarn-to-yarn interaction (intralaminar behavior) 
is being modeled using a second set of cohesive contact definitions; and the yarn behavior is being modeled using an 
orthotropic material model enhanced with a Hashin 2D failure criterion (Table 6) as proposed by Hashin and Rotem 
(1973).  
As cohesive contact interactions cannot be defined between general contact pairs, a Python script was developed 
in order to import, assemble, and define all the required interactions within the model. The interactions between the 
yarns at intralaminar level were modeled using cohesive contact surfaces. Damage initiation was taken into account 
using the quadratic maximum stress and damage evolution was modeled using the energy based damage evolution. 
The cohesive properties used are specified in Table 7. 
The material properties used for the simulations were computed using Mori-Tanaka homogenization for a value of 
60 % FVR, the change being necessary due to the difference between the tested coupons’ FVR (31 %) and the tested 
tubes’ FVR (60 %) (Table 8).  
Table 6. Hashin 2D failure parameters. 
Hashin 2D Parameters X11T (MPa) X22T (MPa) X22T (MPa) 
31% FVR (experimental) 1050 7.5 23 
60 % FVR (predicted) 1885 15.2 27.3 
Table 7. Cohesive contact surface properties. 
Normal stiffness 
(N/mm) 
Tangential 
stiffness (N/mm) 
Damage initiation 
criterion 
Damage 
initiation (MPa) 
Damage evolution 
(Energy based) 
Damage 
stabilization 
14200 4800 Quadratic stress 6 2.08 *10-3 5*10-3 
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Table 8. Mori-Tanaka homogenization – predicted elastic properties. 
FVR (-) E11  
(GPa) 
E22 = E33 
(GPa) 
υ12 = υ13 
(-) 
υ23  
(-) 
G12 = G13 
(GPa) 
G23  
(GPa) 
31% 74.2 6 0.27 0.45 2.3 2.1 
60 % (predicted) 139 11.3 0.23 0.43 4.6 3.9 
4. Conclusion and results 
The analytical tool provides a fast and relatively accurate evaluation of the stiffness of the resulting braided 
configuration. The required runtime is in the order of seconds. When compared to the experimental results (Fig. 3) 
this method tends to overestimate the real component’s stiffness especially in the case of the thin walled specimens. 
Even though no information is provided for assessing the maximum torque of the component, this method has been 
successfully used in stiffness optimization algorithms for composite shafts Neudorfer (2015). 
 
Fig. 3. Comparison between experimental results and analytical prediction (a) one layer of braided composite; (b) 3 layers of braided composite. 
The coupled Abaqus Digimat method provides a commercial approach in assessing the stiffness and strength of 
the resulting composite. Compared to the experimental results this method also tends to overestimate the 
experimentally measured stiffness but comes with the advantage that several composite failure criteria can be added 
to the simulation (Fig. 4).  
The limitation of this method consists in the fact that the local instabilities caused by high rotation angles cannot 
be represented numerically, as this approach provides a homogenized material model as input for the numerical 
simulation. 
 
Fig. 4. (a) tested sample, one layer biaxial twill braid; (b) deformed configuration at maximum torque (onset of instability); (c) comparison of the 
torque – rotation angle curves. 
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3.3. Direct finite element method approach 
This method focuses on modelling the full component at yarn detail level in order to take into account the discrete 
interaction between each yarn, for each layer of the braided structure. In order to achieve this degree of refinement a 
model that describes each undulated yarn path as well as the yarn-to-yarn contact/cohesive behavior needs to be 
generated. 
The yarn cross-section shape is linked to the yarn undulation shape function which is being modeled by using a 
superposition between a step function and a generator function. Depending on the position, the generator function can 
be: cos(β) [0, π], a constant function at half of the yarn thickness, or a cos(β) [π, 2π]. The modeled yarn undulation 
paths have different function parameters for each braid architecture (biaxial or triaxial) and weave pattern (plain or 
twill). For the biaxial braid the yarn path function will produce the following results (Fig. 2): 
 
Fig. 2. (a) biaxial plain undulation shape; (b) biaxial twill undulation shape. 
A journaling script for Siemens NX was developed in Visual Basic which generates the yarns of a braided structure 
as solid bodies, taking the following parameters: the number of layers to be modeled, the shape of the central axis of 
the cylindrical body (the central axis is defined as a 3D spline), the number of yarns, the braid architecture, and the 
yarn cross-section geometry. Further on, mid-plane shell bodies are being extracted from the solid geometry and the 
local thickness is being mapped on the shell mesh. 
Within Abaqus the following interactions are being modeled: the layer-to-layer interaction (interlaminar behavior) 
is being modeled by means of a first cohesive contact behavior set; the yarn-to-yarn interaction (intralaminar behavior) 
is being modeled using a second set of cohesive contact definitions; and the yarn behavior is being modeled using an 
orthotropic material model enhanced with a Hashin 2D failure criterion (Table 6) as proposed by Hashin and Rotem 
(1973).  
As cohesive contact interactions cannot be defined between general contact pairs, a Python script was developed 
in order to import, assemble, and define all the required interactions within the model. The interactions between the 
yarns at intralaminar level were modeled using cohesive contact surfaces. Damage initiation was taken into account 
using the quadratic maximum stress and damage evolution was modeled using the energy based damage evolution. 
The cohesive properties used are specified in Table 7. 
The material properties used for the simulations were computed using Mori-Tanaka homogenization for a value of 
60 % FVR, the change being necessary due to the difference between the tested coupons’ FVR (31 %) and the tested 
tubes’ FVR (60 %) (Table 8).  
Table 6. Hashin 2D failure parameters. 
Hashin 2D Parameters X11T (MPa) X22T (MPa) X22T (MPa) 
31% FVR (experimental) 1050 7.5 23 
60 % FVR (predicted) 1885 15.2 27.3 
Table 7. Cohesive contact surface properties. 
Normal stiffness 
(N/mm) 
Tangential 
stiffness (N/mm) 
Damage initiation 
criterion 
Damage 
initiation (MPa) 
Damage evolution 
(Energy based) 
Damage 
stabilization 
14200 4800 Quadratic stress 6 2.08 *10-3 5*10-3 
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Table 8. Mori-Tanaka homogenization – predicted elastic properties. 
FVR (-) E11  
(GPa) 
E22 = E33 
(GPa) 
υ12 = υ13 
(-) 
υ23  
(-) 
G12 = G13 
(GPa) 
G23  
(GPa) 
31% 74.2 6 0.27 0.45 2.3 2.1 
60 % (predicted) 139 11.3 0.23 0.43 4.6 3.9 
4. Conclusion and results 
The analytical tool provides a fast and relatively accurate evaluation of the stiffness of the resulting braided 
configuration. The required runtime is in the order of seconds. When compared to the experimental results (Fig. 3) 
this method tends to overestimate the real component’s stiffness especially in the case of the thin walled specimens. 
Even though no information is provided for assessing the maximum torque of the component, this method has been 
successfully used in stiffness optimization algorithms for composite shafts Neudorfer (2015). 
 
Fig. 3. Comparison between experimental results and analytical prediction (a) one layer of braided composite; (b) 3 layers of braided composite. 
The coupled Abaqus Digimat method provides a commercial approach in assessing the stiffness and strength of 
the resulting composite. Compared to the experimental results this method also tends to overestimate the 
experimentally measured stiffness but comes with the advantage that several composite failure criteria can be added 
to the simulation (Fig. 4).  
The limitation of this method consists in the fact that the local instabilities caused by high rotation angles cannot 
be represented numerically, as this approach provides a homogenized material model as input for the numerical 
simulation. 
 
Fig. 4. (a) tested sample, one layer biaxial twill braid; (b) deformed configuration at maximum torque (onset of instability); (c) comparison of the 
torque – rotation angle curves. 
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The direct simulation of the yarn-to-yarn interaction through means of cohesive contacts provides the most accurate 
results for the investigated configurations. It predicts accurately the stiffness of the composite material, the maximum 
torque of the component and it captures the instabilities that develop in the component during loading (Fig. 5). 
 
 
Fig. 5. (a) tested sample, one layer biaxial twill braid; (b) deformed configuration at maximum torque (onset of instability); (c) comparison of the 
torque – rotation angle curves. 
The roundup of the comparison between the experimental and predicted results is presented in Table 9. 
Table 9. Comparison between the experimental results and the predicted values. 
 Experimental torsional 
stiffness (Nm/°) 
Analytical 
prediction (Nm/°) 
Coupled Abaqus Digimat 
prediction (Nm/°) 
Direct Abaqus simulation 
prediction (Nm/°) 
Thin walled, 1 
braided layer 
137 155 145 140 
Thick walled, 3 
braided layers 
400 450 440 410 
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